Oxygenases catalyze regio-and enantioselective oxyfunctionalization reactions and have a considerable potential in the area of asymmetric organic synthesis (2, 35) . These enzymes typically depend on coenzymes such as NAD(P)H and are unstable outside cells, and they often consist of multiple components. Thus, for synthetic applications, their use in whole cells is favored over the use of isolated enzymes (7, 18) .
The productivity of oxygenase-based whole-cell biocatalysts is influenced by various factors, such as maximal enzyme activity, enzyme level, substrate mass transfer, substrate and/or product inhibition/toxicity, and cofactor regeneration (7, 13, 54, 68) . Enzyme synthesis and cofactor regeneration are related to host metabolism, which in turn may be affected by the toxicity of organic substrates and products. Such toxicity can efficiently be attenuated by regulated substrate feeding (1, 11) and in situ product removal (7, 38, 61, 66, 74 ). Yet, microbial cells, especially in a nongrowing state, often lose biooxidation activity over time, which may be due to oxygenase inactivation and/or the metabolic burden imposed by redox-coenzyme withdrawal and reactive oxygen species formed via uncoupled oxygen reduction. This led to the use of growing cells as biocatalysts, the metabolism of which supports not only coenzyme regeneration but also continuous oxygenase synthesis and cell reproduction (5, 19, 27, 32, 49) . However, during cell growth, various reactions-especially oxidative phosphorylation-consume high amounts of reduction equivalents (59) . The synthesis and presence of an active NAD(P)H-consuming oxygenase will thus also influence the metabolism of growing cells; decrease growth yields on energy sources; cause stress; and reduce growth rate, viability, and metabolic activity (4, 9, 58) .
Microbial physiology and energy metabolism have been investigated thoroughly for classical fermentation processes but rarely for whole-cell biotransformations (23, 72) . In this study, we focus on the interrelation between NADH-dependent styrene epoxidation and central carbon metabolism of growing recombinant Escherichia coli (Fig. 1 ). Thereby, highly active E. coli JM101(pSPZ10) (51) expressing the styrene monooxygenase genes styAB of Pseudomonas sp. strain VLB120 (50) serves as the biocatalyst. The epoxidation activity, growth, and metabolism of E. coli JM101(pSPZ10) growing in fed-batch mode in a two-liquid-phase system have been shown to be affected by high styrene oxide concentrations, which caused membrane permeabilization (54) . Furthermore, flux balance analysis and in silico and in vivo knockout studies on resting E. coli BW25113(pSPZ10) indicated a linear dependency of measured epoxidation activities and simulated NADH regeneration rates of recombinant central carbon metabolism mutants on glucose uptake rates (L. M. Blank, B. E. Ebert, B. Bühler, and A. Schmid, submitted for publication). These results suggested a dependency of the styrene epoxidation efficiency of resting cells on carbon metabolism.
Here, we investigated the interdependency of styrene epoxidation, growth, and carbon metabolism on the basis of mass balances obtained from continuous cultures, allowing for the first time a quantitative insight into the physiology of such biocatalytically active cells. E. coli JM101(pSPZ10) was grown at subtoxic substrate and product concentrations in a twoliquid-phase bioreactor system, in which substrate mass transfer over the phase boundary is not limiting (54) . Metabolic flux and kinetic analyses were performed using physiological and biotransformation data acquired during steady states with and without induction of styAB expression and with various substrate concentrations in the organic-phase feed. Implications of cofactor-dependent oxygenase activity for central carbon metabolism and vice versa are discussed.
MATERIALS AND METHODS
Microorganism and growth media. The organism used in this study was Escherichia coli JM101 [supE thi ⌬(lac-proAB) FЈ(traD36 lacI q ⌬lacZM15 proAB)] (42) harboring plasmid pSPZ10 (51) , which contains the styrene monooxygenase genes styAB of Pseudomonas sp. strain VLB120 (50) under the control of the alk regulatory system of Pseudomonas putida Gpo1 (40, 65) . LB medium containing 1% (wt/vol) glucose and 50 mg liter Ϫ1 kanamycin was used for the seed culture. Percentages which are not further specified are given as percent weight per volume. For minimal medium precultures, M9* medium, containing three times more phosphate salts than M9 medium (43) but no calcium chloride, was used after supplementation with 5 g liter Ϫ1 glucose, 50 mg liter Ϫ1 kanamycin, 10 mg liter Ϫ1 thiamine, and 1 ml liter Ϫ1 US* trace element solution as described in detail by Panke et al. (51) . MS medium (6) (a modified M9 medium) supplemented as described for the M9* medium was used for controlled growth in bioreactors. During continuous cultivations, the MS medium in the feed tank contained 20 g liter Ϫ1 glucose.
Continuous cultivation and biotransformation. Experiments were started by batch cultivation in 1 liter MS medium in a stirred tank reactor with a total volume of 3 liters (54, 75) . The dissolved oxygen tension (DOT) was determined with an autoclavable amperometric probe (Mettler Toledo, Greifensee, Switzerland), and the pH was automatically kept at 7.1 by feeding 25% NH 4 OH.
Temperature, aeration rate, and stirrer speed were maintained at 30°C, 2 liters min
Ϫ1
, and 2,000 rpm, respectively. Continuous cultivation was initiated in the late exponential growth phase. In the case of two-liquid-phase cultivations, 0.5 liter of the culture broth was removed and an equal volume of bis(2-ethylhexyl)phthalate (BEHP) (97%; Fluka, Buchs, Switzerland) serving as the organic carrier solvent was added, after steady state had been reached. Aqueous and organic reaction media were supplied at the same rate from two feed tanks. When the system had reached steady state, octane (98%; Acros Organics, Geel, Belgium) or dicyclopropyl ketone (DCPK) (95%; Janssen Chimica, Geel, Belgium), both of which are inducers of the alk regulatory system controlling styAB expression on plasmid pSPZ10, were added to the culture broth and the feed tank for the organic phase. Inducer concentrations varied and are specified in Results. In order to achieve continuous biotransformation at different rates, various amounts of styrene (99%; Fluka) were added to the organic-phase feed tank and steady states were established. The constituents of the organic phase were used without prior sterilization. Data from independent experiments deviated by a maximum of 10%.
Analytical procedures. Aqueous glucose and acetate concentrations were determined using commercially available kits (TC D-glucose and TC acetic acid; DispoLab, Dielsdorf, Switzerland) after separation of the aqueous phase from the organic phase by centrifugation. Experimental variations amounted to 2.4 and 1.1% for glucose and acetate, respectively. Cell concentrations in the aqueous phase were determined by measuring the optical density at 450 nm as described earlier (10, 54) , with an optical density at 450 nm of 1 corresponding to a cell dry weight (CDW) of 0.29 g liter aq Ϫ1 and an experimental variation of 5.5%.
Styrene, styrene oxide, and 2-phenylethanol concentrations in the organic phase of two-liquid-phase cultivations were determined by gas chromatography after dilution in diethyl ether containing 0.1 mM dodecane as the internal standard and drying over sodium sulfate. For this analysis, we used an Optima 5 column (Macherey-Nagel, Oensingen, Switzerland) connected to a HRGC Mega2 gas chromatograph (Fisons Instruments, Manchester, United Kingdom) with splitless injection and a flame ionization detector. We applied hydrogen as the carrier gas and a temperature profile of 40 to 140°C at 10°C min Ϫ1 and 140 to 280°C at 20°C min
. The experimental variations for styrene, styrene oxide, and 2-phenylethanol concentrations in the organic phase amounted to 1.7, 1.9, and 3.6%, respectively. O 2 and CO 2 contents in the exhaust gas were analyzed with a paramagnetic O 2 analyzer (Servomex oxygen analyzer 540 A; Sybron Taylor, United Kingdom) and an infrared CO 2 analyzer (Binos I; Leubold Heraeus, Germany). The signal was calibrated with pure N 2 , normal air, and standard gas. The analytical variations amounted to 1.3 and 5.0% for O 2 and CO 2 , respectively. The given experimental and analytical errors for biomass, glucose, acetate, and CO 2 concentrations were used for metabolic flux analysis, which included error propagation.
Resting-cell activity assays. Assays for the determination of specific styrene epoxidation activities were performed as reported previously (50) . In short, the assays included harvesting of biomass from an induced culture in M9* medium, resuspension to a defined cell concentration in 0.1 M potassium phosphate buffer (pH 7.4) containing 10 g liter Ϫ1 glucose, adaptation to reaction conditions, incubation for 5 min with 1.5 mM styrene, extraction with ice-cold diethyl ether containing 0.1 mM dodecane as an internal standard, and determination of substrate and product concentrations by gas chromatography (as described above). Specific reaction rates were calculated based on the amount of (S)-styrene oxide formed over time and were expressed as activity per g of CDW [U (g CDW) Ϫ1 ]. One unit (U) is defined as the activity that produces 1 mol of styrene oxide in 1 min.
The kinetics for styrene epoxidation catalyzed by E. coli JM101(pSPZ10) in the BEHP-based two-liquid-phase system were estimated by weighted nonlinear regression analysis (Enzfitter; Elsevier-Biosoft, Cambridge, United Kingdom) based on steady-state styrene concentrations and specific activities measured during two-liquid-phase continuous cultivations.
Metabolic flux analysis. The net NAD(P)H regeneration rates were estimated from intracellular flux distributions using a stoichiometric metabolic flux model that comprised glycolysis, the pentose phosphate (PP) pathway, the anaplerotic reaction from phosphoenolpyruvate to oxaloacetate, the tricarboxylic acid (TCA) cycle, and acetate production. Fluxes into biomass were calculated from the known metabolite requirements for macromolecular compounds and the growth rate-dependent RNA and protein contents (16) . The stoichiometric matrix of 20 linear equations and 22 metabolites included free interchange between the NADH and NADPH pools by the action of the dissolved and membrane-bound transhydrogenases UdhA and PntAB, respectively (60 . Moreover, we assumed phosphoenolpyruvate to oxaloacetate as the only anaplerotic reaction. These two assumptions were considered reasonable because flux ratio variation at the glucose-6-phosphate node and introduction of the glyoxylate shunt as an alternative anaplerotic pathway did not significantly influence the net formation of redox equivalents. Error minimization was carried out as described by Fischer et al. (21) . The NADPH pool was balanced, allowing the estimation of a net NADH formation rate. This rate is termed the net NAD(P)H formation rate throughout this paper, as the actual NADH and NADPH formation rates cannot be distinguished by the method applied here. ATP produced via substrate-level phosphorylation was in all cases sufficient to sustain biomass synthesis. Thus, the estimated net amount of NADH formed by glucose catabolism was considered to be directly or indirectly (e.g., via ATP) available for maintenance processes, styrene epoxidation, and other biocatalysis-related processes such as StyAB overproduction, uncoupling, and product extrusion.
RESULTS

Continuous two-liquid-phase cultivation of E. coli JM101 (pSPZ10).
Styrene oxide has been shown to influence cell growth and carbon metabolism of E. coli JM101 by permeabilizing cellular membranes (54) . Cell growth was inhibited and acetate formation was promoted in the presence of styrene oxide. Furthermore, styAB overexpression resulted in a decrease of growth rates and viability of the host strain. In order to investigate the interrelation between StyAB overproduction, styrene epoxidation, carbon metabolism, and cell growth in more detail, we performed continuous-culture-based biotransformations in a two-liquid-phase system with BEHP as the organic carrier solvent containing subtoxic substrate and product levels.
The dilution rate and the glucose feed concentration were kept constant at 0.1 h Ϫ1 and 20 g liter Ϫ1 , respectively. The DOT in the culture broth was maintained above 50% to enable high, non-oxygen-limited epoxidation rates and to prevent acetate formation. However, after second-phase addition, the steady-state cell concentration slightly decreased and small amounts of acetate appeared in the medium (results not shown). The presence of the viscous organic phase may have led to incomplete mixing and thus to nonuniform glucose and oxygen concentrations inside the reactor causing acetate formation, as observed in large-scale bioprocesses (17, 25, 46, 62) . After the two-liquid-phase culture had attained a steady state, octane was added to the organic phase feed tank (60 mM) and directly into the culture broth to induce styAB expression. At the same time (t ϭ 0), 80 mM of styrene was added to the organic-phase feed tank ( Fig. 2A ) (see Materials and Methods for details).
Eight hours after induction, cells sampled during continuous cultivation reached a specific activity of 92 U (g CDW) Ϫ1 in separate resting-cell activity assays, the same activity as reported for batch-and fed-batch-cultivated cells (54) . Fourteen hours after induction, the styrene oxide concentration in the organic phase had increased to 40 mM, leaving only a small amount of styrene in the reaction medium. All input glucose was consumed up to this time point. However, acetate accumulated and the cell concentration started to decrease. In the following period, this decrease accelerated and glucose accumulated in the aqueous phase. This decreasing biocatalyst concentration led to decreasing styrene epoxidation rates and resulted in increasing styrene and decreasing styrene oxide concentrations. In fact, no steady state could be reached during continuous two-liquid-phase biotransformation.
In order to analyze this biotransformation in more detail, we calculated biomass, acetate, and styrene oxide concentrations assuming washout kinetics 22 h after induction (Fig. 2B) . Comparison of calculated with experimentally obtained curves indicates cessation of cell growth. However, acetate and in particular styrene oxide concentrations decreased less rapidly than washout would predict. These results show that cell growth becomes completely inhibited during biotransformation with fully induced E. coli JM101(pSPZ10) and that cells change metabolism but stay metabolically and biocatalytically active after initiation of styrene epoxidation.
Effect of styAB expression on growth of E. coli JM101(pSPZ10). In order to elucidate whether growth of E. coli JM101(pSPZ10) was inhibited by styAB overexpression or styrene epoxidation, we carried out continuous cultivations with various amounts of inducer in the absence of a styrene feed (Fig. 3) , profiting from the fact that expression under the control of the alk regulatory system can be fine-tuned by controlling the applied inducer concentration (8, 40) . For this purpose, we used an aqueous single-phase medium instead of an organic/aqueous emulsion. DCPK instead of octane was used for induction, as this inducer allows a better control of gene expression due to its lower volatility and the higher inducer concentration levels required for full induction (8) .
When E. coli JM101(pSPZ10) was fully induced with 4.2 mM DCPK, cells sampled during continuous cultivation reached a specific activity of 94 U (g CDW)
Ϫ1 in whole-cell assays. This resulted in a strong inhibition of cell growth and washout (Fig. 3 ) in a very similar manner as seen in the continuous biotransformation shown in Fig. 2 . In contrast, a DCPK concentration of 0.17 mM in the aqueous medium, leading to a specific activity of 52 U (g CDW)
Ϫ1 in resting-cell assays, resulted in steady-state growth of E. coli JM101(pSPZ10) and in a slight reduction of the biomass yield. The octane and DCPK concentrations applied here did not have a significant influence on growth of E. coli JM101 in batch cultures (8) . Thus, the severe growth inhibition during the continuous biotransformation shown in Fig. 2 can be attributed to high-level styAB overexpression, an effect also observed for alkane monooxygenase-overproducing E. coli (20) . In the case of E. coli JM101(pSPZ10), such severe growth inhibition can be avoided by reducing the induction level via fine-tuning of the inducer concentration.
Continuous styrene biotransformation at various rates. On the basis of the results achieved with a reduced styAB expression level, we were then able to investigate the interrelation between styrene epoxidation and carbon and energy metabolism of E. coli JM101(pSPZ10) in the two-liquid-phase system. We performed continuous-cultivation-based biotransformations under the same conditions as in the experiment shown in Fig. 2 except for the inducer of styAB expression, which was DCPK instead of octane.
In the two-liquid-phase system, a DCPK concentration of 1.7 mM in the organic phase was found to induce the cells to a specific activity of 50 U (g CDW) Ϫ1 as determined in separate whole-cell activity assays with cells sampled during steady-state growth. Induction of styAB expression to this activity caused the cell concentration in the aqueous phase to decrease from 6.4 to 6.1 g CDW liter Ϫ1 , as shown by the switch from steadystate I to steady-state II in the continuous biotransformation shown in Fig. 4 . In parallel, the O 2 uptake and CO 2 evolution rates increased from 3.9 to 4.4 and from 5.6 to 6.2 mmol (g CDW) Ϫ1 h Ϫ1 , respectively (Fig. 4A) . The decrease in biomass yield and the concomitant increase of O 2 uptake and CO 2 evolution rates under carbon-limited conditions indicate that styAB expression increases the energy requirements of the cells.
In order to investigate styrene epoxidation at different rates and its effect on growth and metabolism, the styrene concentration in the organic feed was increased stepwise from 0 to 131 mM (Fig. 4C) . This enabled the establishment of a set of different steady states (steady-states III to VI in Fig. 4 and Table 1 ), in which we observed a stepwise increase of the styrene and styrene oxide concentrations in the organic phase 4B ; Table 1 ). During this steady state, 52% of the input styrene had been transformed to styrene oxide; 5% was converted into 2-phenylethanol, a by-product of styrene epoxidation (51, 54); and 23% was considered to be lost by evaporation. However, the specific activity reached in steady-state VI was only half of the maximal activity reached in resting-cell assays. This, the fact that oxygen was not limiting during continuous cultivation and biotransformation (DOT of Ͼ50%), and the small increase of the specific epoxidation rate during the switch from steady-state V to VI, when the styrene concentration in the organic phase steeply increased from 11 to 26 mM (Fig. 4B) , indicate that NADH and not styrene or O 2 was the substrate limiting the epoxidation rate in steady-state VI.
In parallel to the stepwise increase of the epoxidation rate, the cell density decreased stepwise, accompanied by a stepwise increase of the specific O 2 uptake and CO 2 evolution rates (Fig. 4B) . The acetate concentration increased markedly when the styrene conversion rate exceeded 15 U (g CDW)
Ϫ1
(steady-states V and VI in Fig. 4 and Table 1 ). These results show that cell growth and carbon metabolism are both influenced by styrene epoxidation. ). At t ϭ Ϫ25 h, styAB expression was induced with an organic DCPK concentration of 1.7 mM. Styrene epoxidation was initiated at t ϭ 0 by adding 40 mM styrene into the organic-phase feed tank. The other conditions were the same as in the experiment shown in Fig. 2 . The results obtained during steady-states I to III were confirmed by an independent experiment, in which data deviated by at maximum 10% from those in the experiment shown. (A) Courses of biomass and acetate concentrations in the aqueous phase and of the specific O 2 uptake rate (q O2 ) and the specific CO 2 evolution rate (q CO2 ). (B) Styrene and styrene oxide concentrations in the organic phase and specific styrene epoxidation rates. (C) Styrene feed concentrations applied.
Metabolic flux analysis during biotransformation. During styrene epoxidation with growing E. coli JM101(pSPZ10), glucose is used for biomass synthesis, including the synthesis of heterologous StyAB; for energy [NAD(P)H and ATP] generation, which leads to O 2 consumption and CO 2 formation; and for the regeneration of the NADH required for styrene epoxidation. Additional energy may be required for associated reactions such as uncoupling and 2-phenylethanol formation and for sustaining the presence of heterologous StyAB and toxic compounds. Moreover, the carbon source can be channeled into acetate when the carbon flux into the central metabolic pathways exceeds the activity of the TCA cycle during aerobic growth on glucose (56, 70, 71) .
The carbon balances (Table 1) for the different steady states during the continuous cultivation shown in Fig. 4 reveal that an increase of the epoxidation rate resulted in a decrease of the biomass yield and an increase of the fraction of glucose converted into CO 2 (steady-states I to IV) and acetate (steadystates V and VI). In order to investigate carbon and energy metabolism during styrene epoxidation in more detail, we performed metabolic flux analysis based on the data shown in Table 1 and on a stoichiometric model for the central carbon metabolism of E. coli (see Materials and Methods). As shown in Fig. 5 , induction and increasing epoxidation rates led to increasing specific glucose uptake rates and influenced the flux distribution through central carbon metabolism. Induction and biocatalysis up to specific epoxidation rates of 15 U (g CDW) Ϫ1 (steady-states I to IV) resulted in increased relative fluxes through the TCA cycle. A further increase of the specific epoxidation rate to 21 U (g CDW) Ϫ1 (steady-state V) led to a stagnating relative but still increasing absolute TCA cycle flux and to significantly enhanced acetate formation. A further a The dilution rates for the organic and aqueous phases were set at 0.1 h
. See Materials and Methods for details. The standard deviations of duplicate measurements were below 5%. aq, aqueous phase.
b The steady states refer to the experiment shown in Fig. 4 . c Concentrations in the organic phase are given. d Steady-state II was established by adding the inducer DCPK to the bioreactor and the feed tank to a concentration of 1.7 mM in the organic phase. Fig. 4 . All fluxes are normalized to the specific glucose uptake rates, which correspond to the absolute fluxes given for glucose phosphorylation. Absolute fluxes are also given for the net NAD(P)H formation rate, which corresponds to the total NAD(P)H formation by glucose catabolism minus the amount of NAD(P)H consumed for net biomass synthesis. The contribution of the PP pathway toward glucose-6-phosphate (glucose-6-P) consumption was set to 45% (16 increase of the styrene concentration, however, resulted in minor increases of glucose uptake, TCA cycle, and acetate formation rates, which corresponds to the minor increase of the specific epoxidation rate (steady-state VI). In total, the specific net NAD(P)H formation rate, corresponding to the total NAD(P)H formation rate during glucose catabolism minus the rate at which NAD(P)H is consumed for net biomass synthesis, increased by 65%, comparing steady-states I and VI (Fig. 5 ). This and the reduced biomass yield on glucose reveal that styrene epoxidation results in a clearly higher NAD(P)H demand in recombinant E. coli. To determine what the consumed NAD(P)H was used for in biocatalytically active E. coli, we estimated, on the basis of the stoichiometric model and the biotransformation data, the relative amount of NAD(P)H utilized for net biomass synthesis, maintenance requirements, styAB expression, and styrene epoxidation during the different steady states (Fig.  6) . Assuming a constant NAD(P)H demand for growth, maintenance, and StyAB synthesis during styrene epoxidation, the biocatalysis-related consumption of reduced redox equivalents could be calculated. Surprisingly, the biocatalysis-related NAD(P)H consumption exceeded the stoichiometric NADH demand for styrene epoxidation by a factor of 3.2 to 3.7. Possible causes for this surplus demand for reduced nicotinamide coenzymes include increased maintenance requirements during biocatalysis or StyAB-related processes such as by-product formation and uncoupling, as discussed below.
FIG. 5. Relative distributions of absolute carbon fluxes in E. coli central carbon metabolism during steady-states I to III (A, top to bottom) and IV to VI (B, top to bottom) of the experiment shown in
In general, we conclude that styrene epoxidation at increasing rates led to saturation of the TCA cycle and acetate formation, indicating a biological energy shortage, which may well be responsible for the limitation of the styrene epoxidation rate in steady-state VI.
DISCUSSION
Reported productivities of oxygenase-based whole-cell biocatalysts have reached levels suitable for industrial implementation (7, 53, 67) . Yet, only a few such processes have been scaled to production level, since biotransformation rates typically are rather unstable and activities during long-term biotransformations are often lower than maximal activities obtained in short-term assays with whole cells (6, 10, 48, 54) , cell extracts (13) , and enriched enzyme preparations (26) . The physiology of whole-cell redox biocatalysts during long-term biotransformations is largely unknown, although it is influenced by biocatalysis and may at least in part be responsible for limited biocatalyst activities and stabilities. During continuous cultivation, we observed that styAB overexpression had negative long-term effects on the growth and metabolism of E. coli JM101(pSPZ10) and its biocatalytic activity ( Fig. 1 and 2) . Compromised viability and membrane functionality has been observed earlier for xylene monooxygenase-and StyAB-producing recombinant E. coli JM101 (37, 54) . Here, by reducing the inducer concentration, we were able to achieve stable StyAB activities during continuous cultivation. Furthermore, a BEHP-based two-liquid-phase system allowed operation of the biocatalyst at subtoxic, noninhibitory product levels and enabled efficient substrate mass transfer and uptake by recombinant E. coli (54) . Increasing the styrene concentration and thus the steady-state epoxidation rate in this system allowed us to investigate whether NADH availability and thus the microbial energy metabolism limit styrene epoxidation above a certain rate.
Effect of NADH availability on styrene epoxidation. Metabolic flux analysis showed that increasing epoxidation rates led to increasing fluxes through and saturation of the TCA cycle and to acetate formation. This, the absence of oxygen limitation, and the fact that the small increase of the specific epoxidation rate during the switch from steady-state V to VI did not correlate with the steep increase of the styrene concentration (Fig. 4B) indicated that NADH becomes limiting at increasing epoxidation rates. This finding is supported by the correlation of the relatively small increases of specific epoxidation and NAD(P)H formation rates between steady-states V and VI (Fig. 5) .
In order to further investigate the kinetics of styrene epoxidation during continuous cultivation, we performed weighted nonlinear regression analyses on the basis of Michaelis-Menten kinetics. Thereby, specific epoxidation rates measured during steady-states III to VI of the continuous cultivation shown in Fig. 4 and of an independent steady state were related directly to the styrene concentrations in the organic phase without considering phase transfer (Fig. 7) . This is reasonable, as mass transfer over the phase boundary has been shown not to be limiting in the system under investigation and recombinant E. coli strains have been found to take up aromatic hydrocarbons such as styrene and pseudocumene directly from the organic phase (9, 54) . Such direct styrene uptake also becomes obvious considering the kinetics given by the curve in Fig. 7 based on the K s (64 Ϯ 14 M) for the aqueous single-phase system (54), aqueous styrene concentrations calculated via the partition coefficient for styrene (2,990 Ϯ 200) (54) , and a V max of 50 U (g CDW) Ϫ1 as determined in activity assays after reduced FIG. 6 . Relative usage of the redox equivalents [NAD(P)H] produced by glucose catabolism during the continuous cultivation shown in Fig. 4 . In the absence of induction and biotransformation in steadystate I, NAD(P)H is consumed for net biomass synthesis and maintenance requirements (e.g., transport processes and macromolecule turnover), which were assumed to remain constant during induction and biotransformation. Under biotransformation conditions, the total amount of NAD(P)H formed is further subdivided into redox equivalents consumed for styAB expression (induction, constant requirements were assumed), NADH consumed for net biocatalysis with a stoichiometry of 1 mol per mol styrene oxide produced, and surplus redox equivalents consumed during biocatalysis.
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on February 22, 2013 by PENN STATE UNIV http://aem.asm.org/ induction. The specific activities during continuous two-liquidphase cultivation indeed followed Michaelis-Menten kinetics (Fig. 7) as found during continuous cultivation of styrene oxide isomerase-deficient Pseudomonas sp. strain VLB120⌬C in the same two-liquid-phase system. The apparent K s value obtained (4.9 Ϯ 1.3 mM), however, was significantly lower than the 18.8 Ϯ 1.3 mM for Pseudomonas sp. strain VLB120⌬C (55) . Furthermore, the V max obtained for the Pseudomonas mutant perfectly matched the maximal specific activity derived from resting-cell assays (55), whereas recombinant E. coli showed an apparent V max of 29.0 Ϯ 2.7 U (g CDW) Ϫ1 , which is significantly below the 50 U (g CDW) Ϫ1 determined in activity assays. This discrepancy indicates that the fit to styrene-dependent Michaelis-Menten kinetics is misleading and that, at increasing rates, styrene epoxidation indeed becomes limited by the NADH availability in growing E. coli JM101(pSPZ10). In order to evaluate whether NADH limitation was especially significant at high styrene concentrations, we excluded steadystate VI but included a V max of 50 U (g CDW) Ϫ1 in the weighted nonlinear regression analysis. This as well allowed a reasonable fit to Michaelis-Menten kinetics, with a K s of 12.7 Ϯ 1.9 mM (Fig. 7) , confirming that styrene epoxidation during steady-state VI was limited mainly by NADH and not by styrene.
It is clear that, depending on the reaction conditions (induction level, glucose and oxygen availability, growth rate, and substrate and product concentrations), the NADH flux distribution to the different NADH-dependent reactions and thus the achievable specific epoxidation rate may vary considerably. This explains why substantially higher epoxidation rates of up to 60 U (g CDW) Ϫ1 have been achieved during fed-batch cultivation of E. coli JM101(pSPZ10) (49, 51, 52) .
Possible causes for the surplus NAD(P)H demand during styrene epoxidation. As shown in Fig. 6 , the biocatalysis-related NAD(P)H consumption exceeded the stoichiometric NADH demand for styrene epoxidation by a factor of 3.2 to 3.7. This surplus demand for reduced nicotinamide coenzymes, which obviously correlates with the specific epoxidation rate, may be caused by increased maintenance requirements during biocatalysis and/or StyAB-related effects such as by-product formation and uncoupling.
During styrene epoxidation, 2-phenylethanol is formed as a by-product. This by-product formation consumes 2 mol of NADH per mol styrene converted and thus represents an additional NADH sink (54) . The 2-phenylethanol formation rate amounted to about 7% of the styrene oxide formation rate and thus increased the NADH demand by 14%. This, however, explains only a small fraction of the surplus NAD(P)H demand. Uncoupling might contribute more significantly to high coenzyme consumption rates. Styrene monooxygenase is a twocomponent flavoenzyme composed of the NADH-specific flavin reductase StyB and the reduced flavin adenine dinucleotide (FADH 2 )-dependent styrene epoxidase StyA, with freely diffusible FAD(H 2 ) serving as the electron shuttle between the two subunits (47) . Instead of activating molecular oxygen for oxygenation reactions, FADH 2 can be reoxidized in two different types of uncoupling reactions. It reacts either with molecular oxygen to yield hydrogen peroxide and FAD or with FAD to form highly reactive flavin radicals, which can react with molecular oxygen to form hydrogen peroxide (41) . In vitro, uncoupling accounted for up to 80% of the NADH consumption and depended on the FAD concentration and the StyA/StyB ratio (30, 47) . The extent of uncoupling under in vivo conditions is not known so far. However, beside the metabolic burden of recombinant gene expression in E. coli (3, 14, 24, 63) , uncoupling might partly be responsible for the increased NAD(P)H demand of induced cells in the absence of styrene in steady-state II and substantially contribute to the high biocatalysis-related NAD(P)H consumption observed during styrene epoxidation in steady-states III to VI (Fig. 6 ). In the latter case, a substrate-induced type of uncoupling would best explain the correlation between epoxidation and NAD(P)H consumption rates.
A biocatalysis-related increase of maintenance requirements is another possible reason for the high NAD(P)H consumption during styrene epoxidation. Above a certain concentration, small apolar compounds such as styrene, styrene oxide, and 2-phenylethanol are toxic to living cells owing to various effects, of which membrane disintegration is believed to be the most prominent (34, 64) . Such lipophilic substances accumulate in the cellular membrane bilayer and finally result in membrane permeabilization and cell lysis. Since membrane permeabilization impairs the function of the membranes as a matrix for embedded proteins and as a selective barrier, metabolic activity of cells, which is critical for cofactor regeneration and protein synthesis, can be influenced by organic chemicals. According to the toxicity data for styrene and its products (54) , these compounds were present at subtoxic concentrations during the continuous biotransformation experiments performed FIG. 7 . Michaelis-Menten plot of styrene concentrations in the organic phase and specific epoxidation rates measured during steadystates III to VI of continuous two-liquid-phase cultivation (Table 1 ; Fig. 4) . A data point from an independent steady state is indicated by a star. The dotted curve shows the rates calculated via the K s (64 Ϯ 14 M) for the aqueous single-phase system (54), aqueous styrene concentrations derived from the partition coefficient for styrene (2,990 Ϯ 200) (54) , and a V max of 50 U (g CDW) Ϫ1 as determined in activity assays after reduced induction. The dashed curve represents a weighted nonlinear regression based on data from steady-states III to VI and * , giving a K s of 4.9 Ϯ 1.3 mM and an apparent V max of 29.0 Ϯ
U (g CDW)
Ϫ1 (indicated as V max,app ). The solid curve represents a weighted nonlinear regression based on data from steady-states III to V, as well as steady-state * , and on a V max of 50 U (g CDW) Ϫ1 as determined in separate resting-cell activity assays (indicated as V max,resting cells ). The estimated K s is 12.7 Ϯ 1.9 mM. VOL. 74, 2008 NADH AVAILABILITY LIMITS WHOLE-CELL EPOXIDATION 1443 in this study. In the absence of styrene epoxidation, styrene oxide, for example, had no influence on cell growth and acetate formation at concentrations of below 150 mM in the organic phase (54) . During biotransformation, however, products are formed inside the cells, which may lead to toxic effects at substantially lower detectable product concentrations. This would cause increased NAD(P)H and ATP demands for active solvent extrusion and compensation of proton gradient dissipation. Such increased maintenance demands would increase with increasing product formation rates as observed during continuous cultivation (Fig. 4 and 6) . Interestingly, styrene oxide isomerase-deficient Pseudomonas sp. strain VLB120⌬C showed higher styrene oxide and biomass yields on glucose than did E. coli JM101(pSPZ10) and did not show any by-product formation (55) , indicating a more efficient coupling of styrene epoxidation to biocatalysis-related NADH consumption.
Carbon metabolism of recombinant E. coli during styrene epoxidation. During continuous two-liquid-phase cultivation at a constant dilution rate, styAB expression and styrene epoxidation at increasing turnover rates caused increases in the specific rates of glucose uptake (38%), the TCA cycle (69%), and net NAD(P)H formation (65%, not considering the amount used for net biomass synthesis [ Fig. 5]) . Similarly, Vemuri et al. observed increased specific glucose uptake as well as CO 2 and thus NAD(P)H formation rates and decreased biomass yields when an active NADH oxidase catalyzing the reduction of O 2 to H 2 O was present in recombinant E. coli MG1655 (71) . However, during glucose-limited growth, this strain showed reduced acetate formation, whereas E. coli JM101(pSPZ10) showed increasing acetate formation at styrene epoxidation rates of above 15 U (g CDW) Ϫ1 (Fig. 4 and 5) . Typically, wild-type E. coli strains, including E. coli JM101, form acetate above critical glucose uptake rates of 3.4 to 5.5 mmol (g CDW) Ϫ1 h Ϫ1 at growth rates and temperatures of between 0.35 and 0.4 h Ϫ1 and 28 and 37°C, respectively (16, 31, 44) . The presence of NADH oxidase increased the critical glucose uptake rate from 4.44 to 6.67 mmol (g CDW) Ϫ1 h Ϫ1 at growth rates of between 0.40 and 0.36 h Ϫ1 (71), whereas styrene epoxidation caused pronounced acetate formation already at glucose uptake rates of above 2 mmol (g CDW)
Ϫ1
h Ϫ1 and a low growth rate of 0.1 h Ϫ1 . Interestingly, Vemuri et al. found that knockout of ArcA, a component of the ArcB/ArcA signal transduction system regulating gene expression in response to redox conditions (22, 36, 39) , also led to an increase of the critical glucose uptake rate (71) and that the cumulative effect of NADH oxidase expression and arcA knockout can be used to improve recombinant protein production, which often is acetate sensitive (73) . The reduced acetate formation at high glucose uptake rates in NADH oxidase-containing E. coli correlated with a reduction of the NADH/NAD ratio, which was proposed to contribute to the regulation of the TCA cycle and acetate formation (71) . During styrene epoxidation, however, the high biocatalysisrelated NADH consumption rate did not prevent acetate formation. Furthermore, a plateau in the specific oxygen uptake rate, which typically is observed at the onset of acetate formation and constitutes the maximal respiration capacity (15, 69) , was not reached during styrene epoxidation. The oxygen uptake rate in steady-state VI [7. 13 mmol (g CDW) Ϫ1 h Ϫ1 ], also including the StyAB-related oxygen consumption, was far lower than the maximal rate determined, e.g., for E. coli W3110 [15 mmol (g CDW) Ϫ1 h Ϫ1 ] (69). Thus, a different level of regulation seems to be responsible for acetate formation during oxygenase catalysis, which also was observed in earlier studies (6, 54) .
A main difference between NADH oxidase and StyAB catalysis consists of the type of products involved. Whereas water produced from molecular oxygen is not expected to affect cell physiology, styrene oxide and 2-phenylethanol both are toxic and affect membrane integrity and functionality as well as viability (37, 54) . Stress imposed by these products as well as by oxygenase overexpression (34) might in fact have caused the observed early saturation of the TCA cycle, acetate formation, and stagnating glucose uptake rates. Elevated acetate formation and uncoupling of StyAB catalysis leading to the formation of reactive oxygen species might have contributed to this stress. In fact, proteomic analyses via two-dimensional electrophoresis and mass spectrometry revealed a strong increase in the level of PspA, a major effector of the phage shock protein (Psp) response (12, 29) , during styrene epoxidation in twoliquid-phase fed-batch cultures (A. Schmid et al., unpublished results). The Psp response is induced by a variety of membrane-altering stresses, including exposure to hydrophobic solvents (33) , and was proposed to play a role in maintaining cytoplasmic membrane integrity and adjusting energy metabolism and proton motive force by, e.g., promoting anaerobic respiration and fermentation (12, 29) . Interestingly, ArcB is involved in the induction of the Psp response, which on the other hand seems to activate the ArcB/ArcA modulon (29) . This activation of the ArcB/ArcA modulon by the Psp stress response might be responsible for repression of the TCA cycle and acetate formation during styrene epoxidation and might thus even promote NADH limitation. This is reasonable as, in the absence of the Psp stress response, ArcA was shown to regulate TCA cycle activity in an ArcB-independent way under both aerobic and anaerobic conditions (56), a mechanism, which might depend more directly on the NADH/NAD ratio. As ArcA also represses ptsG expression (28), Psp/ArcB/ArcAdependent regulation may be responsible for the saturationtype behavior not only of the TCA cycle but also of glucose uptake (Fig. 5) and might explain the differences observed between NADH oxidase-and StyAB-containing E. coli strains. Such control of the energy metabolism of biocatalytically active E. coli, which may involve further global regulators, may prevent energy dissipation and wastage of the limiting carbon and energy source and thus preserve a certain biomass yield during energy-limited growth under stress conditions. This can also be considered as a trade-off between rate and yield, as was proposed from an evolutionary point of view (45, 57) .
From an application point of view, control of physiological stress either via efficient in situ removal of toxic products or by redirecting carbon and energy metabolism during biotransformation is likely to be the key for maintaining high catalytic activity of recombinant E. coli in biooxidations. In general, it will be of great interest to investigate the productivity-determining interactions between carbon and energy metabolism during redox biocatalysis in more detail.
